As part of the conservation efforts to address the declining population of the only freshwater Sardinella (Family Clupeidae) endemic to Lake Taal, a two-year study was conducted to determine the possible spawning grounds of Sardinella tawilis (Herre, 1927) by identifying the spatial and temporal distribution of its larvae. Fish larval samples were sorted from ichthyoplankton samples collected monthly in selected sampling stations in the lake. The morphologically identified Clupeidae larvae were determined to be S. tawilis genetically. They appeared only during March to May, with maximum abundance reaching from 700 to 1,700 ind 100m -3 during April 2015. Among the 10 water, 5 weather, and 11 biological parameters analyzed using Redundancy Analysis (RDA), temperature and other weather parameters largely influenced the temporal distribution of tawilis larvae. In terms of spatial distribution, the stations on the eastern bay of the lake showed an abundant and consistent presence of tawilis larvae for two years. Other stations which showed the presence of tawilis larvae include the southern portion of the lake, as well as in stations south to southwest area of Volcano Island. The seasonal and site-specific occurrence of tawilis larvae confirmed its spawning season and potential spawning grounds, which can serve as a scientific basis in the establishment of a Tawilis Reserve Area, as stipulated in the Unified Rules and Regulations for Fisheries in the Taal Volcano Protected Landscape Management Plan (TVPL-MP 2011). (Herre, 1927) , locally known as tawilis (Family Clupeidae), is one of the most commercially important fish in the open fisheries of Lake Taal. It is the only freshwater species of the genus Sardinella and is endemic to Lake Taal, the third largest lake in the Philippines (Wongratana 1980; Whitehead 1985) . It is mainly caught by gillnet, beach seine, and motorized push net (Mutia et al. 2004) . The highest recorded production of tawilis was in 1984 with 29,000 MT (BFAR, as cited by Hargrove 1991 and Bleher 1996) , and dramatically declined to 822 MT in 1994-95 (Villanueva et al. 1995) and five years later to 294 MT in 2000 (Mutia et al. 2004) . Tawilis production has continuously declined since then. Exploitation rates (E) from 1994 to 2000 were estimated at 0.59-0.62, indicating the stock is overfished (Villanueva et al. 1995; Mutia et al. 2004) . Aside from unsustainable fishing practices, the introduction of non-native and invasive alien species are additional threats (Mutia et al. 2010) .
. I N T R O D U C T I O N

S ardinella tawilis
In order to address the problem of declining tawilis catch and to revive its seemingly dwindling population, it is necessary to understand the biology of this endemic species. Biological studies conducted on S. tawilis (Castillo et al. 1975; Aypa et al. 1991; Villanueva et al. 1995; Mutia et al. 2004; Papa et al. 2008; Mutia et al. 2010; Papa and Zafaralla 2011; Magsino 2016 ) already covered feeding habits, length at first maturity, and stages of maturity, among others, but the actual spawning season and spawning grounds of tawilis in the lake remain to be poorly understood. In general, this study was conducted to determine the possible spawning grounds of S. tawilis in Lake Taal by analyzing patterns of its larval distribution. Specifically, the study aimed to determine the spatial and temporal distribution of S. tawilis larvae, to identify the relationship between the larval distribution of S. tawilis and selected environmental conditions, and | 17 to recommend policy options for sustainable development of tawilis fishery.
. M A T E R I A L S A N D M E T H O D S
Study area
Lake Taal is a tropical lake with volcanic origins located in the province of Batangas, Philippines. It is the country's third largest lake with an area of 24,236 hectares and one of the deepest lakes with an average depth of 80 meters and a maximum depth of 198 meters (Castillo et al. 1975; Castillo and Gonzales 1976) . The lake itself is divided into two basins: north and south basin (Perez et al. 2008) . Nine municipalities (Talisay, Laurel, Agoncillo, San Nicolas, Sta. Teresita, Alitagtag, Cuenca, Mataasnakahoy, Balete) and two cities (Tanauan and Lipa City) surround the lake. The Lake Taal basin was declared as a protected area under Republic Act 7586 or the National Integrated Protected Areas System (NIPAS) Act of 1992 and named as Taal Volcano Protected Landscape (TVPL) by Proclamation 906 on October 16, 1996 (DENR 2011 . The TVPL is managed by a Protected Area Management Board (PAMB) under the supervision of the Protected Area Superintendent (PASu). On September 26, 2009, the TVPL Management Plan was approved by PAMB and served as the blueprint for the lake conservation. Conservation measures to protect the population of the endemic species are outlined in Section 4B of the newly revised Unified Rules and Regulations on Fisheries of the Taal Volcano Protected Landscape (URRF-TVPL) Management Plan (DENR 2011).
Sampling
Monthly ichthyoplankton surveys were conducted for 24 months from January 2014 to December 2015. Sampling was done during nighttime, around 20:00H to 07:00H the following day. Figure 1 shows the geographic location of Lake Taal and the sampling stations. In 2014, sampling stations were selected based on the local knowledge of fisherfolk on tawilis fishing grounds. Seventeen stations (17) were sampled namely: (1) Pulang Bato, (2) Bird Sanctuary, (3) Binintiang Malaki, (4) Panikihan, (5) Pira-piraso, (6) Mahabang Buhangin, (7) Napayong, (8) Sala, (9) Kinalaglagan, (10) Nangkaan, (11) Puntor, (12) Napapanayan, (13) Don Juan, (14) Saimsim, (15) Tagudtod, (16) Pansipit, and (17) Subic.
In 2015, sampling stations were altered to determine the trends in spatial larval distribution. Twelve (12) equidistant (approximately 4.45 km in between) sampling stations scattered across the lake were sampled namely: N1, N2, N3, N4, N5, N6, N7, N8, N9, N10, N11, and N12. In addition, five sampling stations from 2014 were retained: Pulang Bato, Bird Sanctuary, Sala, Kinalaglagan, and Nangkaan. The sampling stations were georeferenced using a GPS receiver (Garmin GPS Map 76CSX), and coordinates were used as references during samplings. The coordinates for the 17 and 12 sampling stations are shown in Table 1 .
Supplementary samplings were also conducted purposively on April 1-2, April 16-17, and May 1-2, 2015 on certain stations to validate the results generated from the same season of the previous year (2014) and to collect samples for genetic identification of tawilis larvae through DNA barcoding analysis. Stations sampled on April 1-2 were stations 1, 2, 8, 9, 10, 13, 16, and N10. Stations 1, 8, 9 , and 10 were sampled on April 16-17 while stations sampled on May 1-2, 2015 included stations 1, 8, 9, 10, N11, and N12. Figure 1 shows the sampling stations in Lake Taal. (Smith and Richardson 1977) . The samples collected from the plankton net were immediately preserved with ethanol (70% final solution). Further processing of the ichthyoplankton samples was done in the laboratory.
Phytoplankton.
Using a 20 µm mesh phytoplankton net (30 cm diameter; 1 m length), samples were collected by vertically towing the net to a depth of 5 meters below the surface. The collected samples were placed in a vial and fixed with Lugol's iodine (APHA 1998).
Zooplankton.
Samples were collected by vertical tows (20m below the surface) using a 64 µm mesh plankton net (30 cm diameter; 1m length). The samples were placed in a vial and preserved with 10% formalin (APHA 1998).
Water quality and nutrients.
During plankton tows in each station, water parameters (water temperature, conductivity, total dissolved solids, salinity, dissolved oxygen, pH, turbidity, and chlorophyll) were measured using a YSI 6600 V2 Multiparameter Water Quality Sonde. In addition, water samples were collected in the subsurface using a 1000-ml sampling water bottle. The samples were brought to the laboratory and analyzed immediately for ammonia, nitrite, nitrate, and phosphate using LaMotte SMART3 Colorimeter. Alkalinity and hardness were analyzed using HACH Test Kit. Records of in situ measurement of water parameters were uploaded from the YSI Sonde to PC and transformed into average readings per month.
Meteorological data.
Secondary meteorological data were obtained from the Weather Bureau, Ambulong Station of the Philippine Atmospheric, Geophysical, and Astronomic Services Administration ( Figure 1 ). Secondary data obtained include daily readings of air temperature, relative humidity, rainfall, wind speed, wind direction and cloudiness from January 2014 to December 2015.
Sample Processing and Data Analysis
In the laboratory, ichthyoplankton samples were immediately sorted for fish larvae following Smith and Richardson's (1977) using a dissecting microscope, Olympus SZ51. The sorted fish larvae were morphologically identified up to Family level using key identification guides (Moser 1996; Leis and Carson-Ewart 2000; Richards 2005) . Using a compound microscope with an ocular micrometer, morphological characteristics such as body length (BL), body depth (BD), and pre-anal length (PAL) were measured. Since S. tawilis is the only member of Family Clupeidae in the Lake Taal, larvae with morphological characteristics similar to that of Family Clupeidae (Bensam 1987; Ditty et al. 1994; Watson and Sandknop 1996; Ditty et al. 2006) were identified as S. tawilis larvae.
Using samples obtained from the supplementary samplings, the morphologically preidentified tawilis larvae samples were submitted to the National Fisheries Research and Development Institute-Genetic Fingerprinting Laboratory (NFRDI-GFL) for validation of identification through DNA Barcoding analysis. The submitted larval samples preserved in 70% ethyl alcohol were photographed and subjected wholly for DNA extraction. Identification of S. tawilis larvae was confirmed through the utilization of the DNA barcode marker cytochrome c oxidase I (COI) gene and the Kimura 2-parameter (K2P) distance model. Detailed methodology in the genetic identification of S. tawilis larvae is described in Mutia et al. (2017) .
The number of fish larvae was translated into density (ind 100m -3 ) using the standard procedure in the Larval Fish Identification Guide by the Southeast Asian Fisheries Development Center (SEAFDEC). The volume of water filtered in every tow was determined using the formula derived from the flowmeter's manual.
Phytoplankton and zooplankton samples were microscopically examined under a compound microscope. The species were identified morphologically in the lowest taxa possible using Zafaralla (1998) for phytoplankton, and Mamaril Sr. and Fernando (1978) and Papa and Zafaralla (2011) for zooplankton. Quantification of different groups of plankton was determined using a Neubauer-type Haemacytometer for phytoplankton and SedgewickRafter Counting Chamber for zooplankton. The counts were translated into density (units L-1 for phytoplankton and individuals L-1 for zooplankton) using the formula:
Where: N = number of individuals in 1 ml sample V 1 = total volume of the plankton sample (ml) V 2 = volume of the lakewater filtered by plankton net within hauling depth (ml)
A Geographic Information System (GIS Chiugak 2.4.0) was used to produce distribution maps of tawilis larvae in terms of abundance (density) across the lake. The effects of environmental variables on tawilis larvae and other biological parameters were analyzed using the software CANOCO (version 5.0) for Windows. Since DCA ordination showed the compositional length of the environmental gradient to be 0.5 SD units long, Redundancy Analysis (RDA) was employed. Data were pooled by months on the basis of abundance values. Larval abundances were logarithmically transformed [log (y+1)], and the environmental variables were square-roottransformed prior to ordination analyses. Results were illustrated with a tri-plot (Type II scaling-response variable focused): tawilis larvae and all other plankton vs water/weather parameters.
. R E S U L T S
In terms of density, an overall mean of 123.38 ind 100m -3 fish larvae were collected within the duration of the study. Of these, only 1.41% were morphologically identified as Family Clupeidae. DNA barcoding analysis of samples morphologically identified as Clupeid larvae revealed a positive identification to Sardinella tawilis (Mutia et al. 2017) . In 2014, only 0.12% of the overall larvae were S. tawilis while in 2015 the percentage increased to 2.66%. Most of the larvae identified belonged to Families Atherinidae, Blenniidae, Gobiidae, and Syngnathidae, among others. Figure 2 shows that the overall larval density varied across months. In both years, . In terms of spatial distribution, tawilis larvae were collected in three out of 17 stations (8, 9, and 10) in March 2014 and four out of 17 stations (1, 9, 10, and 13) in April 2014. In 2015, tawilis larvae were collected in two out of 17 stations in March (8, and N10), five out of eight stations on April 1-2 (1, 8, 9, 10, and N10), five out of 17 stations on April 28-29 (N1, N2, N9, N11, and N12), and one out of 17 stations on May 15-16 (N10). The highest mean density was recorded during supplementary sampling on 1-2 April 2015, while only two individuals of tawilis larvae were spotted during May 2015 in station N10. No tawilis larvae were collected in-between samplings of April and May, i.e. during April 16-17 and May 1-2, 2015.
To illustrate, Figure 3 shows the spatial and temporal distribution of the identified tawilis larvae in the lake. The abundance (in terms of density) is represented by size-scaled circles (see legend). In 2014, tawilis larvae were observed in stations along the eastern portion of the lake, at the southwest of the Volcano Island, and in one station along the southern bay. In 2015, all equidistant stations on the southern basin (N1, N2, N9, N10, N11, and N12) were observed with tawilis larvae. Supplementary sampling also showed presence and abundance of tawilis larvae along the eastern portion of the lake as well as in other stations previously observed with tawilis in 2014. The morphological measurements and ontogenetic stages of each larvae sample were determined irrespective of the collection station. Nevertheless, most of the larvae collected per survey from March 2014 to May 2015 were in the pre-flexion stage (>50% per survey), with a mean BL of 3.87±mm.
The temporal trends in selected environmental factors (water temperature, conductivity, total dissolved solids, salinity, dissolved oxygen, pH, turbidity, chlorophyll, air temperature, relative humidity, rainfall, wind speed, wind direction, cloudiness) were used to analyze the abundance of tawilis larvae and other biological factors (abundances of different groups of phytoplankton and zooplankton) using Redundancy Analysis. The RDA model ( Figure  4 ) revealed the relationships between larvae monthly occurrence patterns and environmental variables. The combined effect of the first two canonical axes explains 61.32% of the total variance of data. An overall test of significance showed that the relationship between the environmental parameters and tawilis larval abundances is not significant (p>0.05). The tri-plot ( Figure 4 ) shows little correlation of tawilis larvae with most of the water and biological parameters. However, the negative effects of parameters such as cloudiness, rainfall, and relative humidity imply that the lowest values of these variables (which likely occur during the dry months) were timed together with high tawilis abundance. As for plankton, there are obvious seasons for different groups of phytoplankton while zooplankton groups are clumped with turbidity, conductivity, salinity, TDS, and pH water parameters.
. D I S C U S S I O N
Sardines are known broadcast (multiple batches) spawners (Lasker 1985) , i.e., they shed their eggs and sperm into the water column, thus their spawning grounds can be characterized by the presence of eggs and larvae (Somarakis et al. 2006; Ellis et al. 2012) . However, fish eggs are difficult to identify, hence identification of potential spawning grounds of tawilis relied on the distribution of larvae morphologically identified as Family Clupeidae, which was later genetically identified as S. tawilis (Mutia et al. 2017) . Being the only representative species of Family Clupeidae in the freshwater Lake Taal, the morphology of tawilis larvae is fairly different from the larvae of any other known fish in the lake. Clupeid larvae have a very elongated body shape and a long gut. Its pre-anal length extends to about 70% of its body length. In marine ecosystems, the spatial and temporal distribution of ichthyoplankton comprised abundantly of Clupeid larvae among other families (Sarpedonti et al. 2013 ). In the freshwater Lake Taal, most of the fish larvae identified belonged to other families such as Blenniidae, Gobiidae, Atherinidae, Ambassidae, and Syngnathidae.
The tawilis larvae were seasonal, observed only during the months of March, April, and May for both years, 2014 and 2015. The seasonality of S. tawilis larvae suggests that there is a high probability of collecting S. tawilis larvae from March to May-an indication that these months are the species' major spawning season. While some reports of spawning season of tawilis seem contradictory, there are instances when they overlap. In 1975, the spawning season of S. tawilis was reported twice a year, recurrently during February-April and intermittently during AugustNovember (Castillo et al. 1975 ). In contrast, Aypa et al. (1991) reported the peak spawning months of tawilis were from May to July based on the greater number of gravid individuals during this season with a possible intermittent spawning during SeptemberOctober and February-March. Another study reports February-April as the spawning period of tawilis based on the gonadosomatic index (Catedral 2002) while the latest study on the reproductive biology of tawilis states that peak spawning occurs during March-April (Mutia 2015) . The more recent studies seem to agree that peak spawning occurs during March-April, which is further validated by the presence of tawilis larvae in March and April of 2014 and 2015. As suggested by the RDA analysis results, the months of March and April are also when the temperature (air and water temperatures) begin to increase as well as when the prevailing wind direction changes from northeast to southwest. In temperate and cold oceans, temperature is known as the principal factor controlling the spatiotemporal occurrence of fish eggs and larvae (Blaxter 1991; Doyle et al. 1993; Laprise & Pepin 1995) . Still, the possibility of collecting tawilis larvae during the reported intermittent spawning seasons is not discounted, except that during intermittent months larvae may be more dispersed, or that the spawning duration is short and restricted for monthly sampling to cover. In this case, it may be more appropriate to conduct a study with a finer grid of stations and/or more frequent surveys to cover the precise season or spawning dynamics of S. tawilis. The supplementary sampling conducted in April 2015 validated the 2014 stations observed with tawilis larvae. Stations near the coastlines of Balete and Mataasnakahoy (eastern bay of the lake) showed a consistent presence of tawilis larvae during MarchApril of 2014 and 2015 (Figure 3A, 3B, 3D, and 3E) . In addition, the station near the coast of Balete recorded the highest larval abundance. This nearshore area is characterized by shallow waters, with an average depth of ten meters and lush growth of aquatic macrophytes locally referred to as isayan. Interestingly, no manifestation of tawilis larvae occurred in these stations during April 16-17 and 28-29, 2015 surveys (Figure 3F and 3G) . There are about a 14-and a 27-day interval between the three surveys. Tawilis larvae collected on April 1-2 and 28-29 appeared in entirely different stations. Either the two surveys reflected larvae from separate spawning events or there is a transport of larvae from the east bay to the south basin of the lake within the interval period. The hydrography of the lake has not yet been studied and needs to be examined to make more sound inferences about larval transport within the lake. However, in the absence of such knowledge, information on the prevailing winds may be useful. The prevailing wind direction during this month was the NE monsoon (PAGASA), which could have influenced larval transport from the eastern bay towards the southwest of the lake. However, the larvae of the April 28-29, 2015 survey consisted mostly of the pre-flexion stage (>75%). Considering that larval development from pre-flexion to post-flexion occurs around 40 days post hatch (dph) (Silva et al. 2014) , the two surveys are more likely to be separate spawning events in different locations. The southwest coastline of Volcano Island also showed a consistent presence of tawilis larvae ( Figure 3B, 3D, 3E, 3G ). There was no yolk-sac stage of tawilis larvae collected within the duration of study but the high percentage of pre-flexion stage and abundance of tawilis larvae on April 1-2 and 28-29, 2015 surveys (>80%) suggest that tawilis' spawning occurs in particular areas in the lake.
The prolonged period of wind mixing of the water column due to NE monsoon in the lake (Perez et al. 2008) could have also influenced the vertical distribution of tawilis larvae. Sardine larvae are reported to exhibit vertical movement/migration patterns which are difficult to characterize (García-García et al. 2016 ) because of the influence of several factors, such as light and food availability and local conditions (Olivar et al. 2001; Sabates & Sabatés 1990) . However, these factors were not explored in this study with regards to its vertical distribution. Considering the absence of yolk sac stages, the collected larval samples are already capable of exogenous feeding. Sardine larvae mostly feed on zooplankton, specifically copepod stages (Munuera-Fernandez and GonzalezQuiros 2006; Voss et al. 2009; Morote et al. 2010) but the low correlation values between tawilis larvae and its prey items such as zooplankton (overall and copepod), phytoplankton, and chlorophyll levels suggest other environmental factors determine larval distribution. In literature, there is a substantial vertical movement of sardine larvae within the top 20-30 m (Santos et al. 2006; Sabates, 2004) , which is far greater than the layer surveyed in this study (0-1m). The likelihood of missed larval concentrations at slightly deeper layers in stations with low or absence of tawilis larvae is possible. As spawning is generally limited to specific areas and times (Cushing 1990) , the recurrence and abundance of S. tawilis larvae in certain areas (the eastern bay of the lake, the southwest coast of Volcano Island, and the open water in the southern basin) in separate surveys, even in low abundances and only at 0-1 m water depth, increase the probability of these areas as spawning grounds of S. tawilis. Hence, these areas should be considered part of the Tawilis Reserve Areas for protective management, particularly during the peak spawning months.
. C O N C L U S I O N
The present study investigated larval distribution patterns of tawilis from 2014 to 2015. Ichthyoplankton sampling and biophysico-chemical parameters monitoring were conducted monthly to determine the spatial and temporal distribution of tawilis larvae and to determine the factors associated with its distribution. Ichthyoplankton sampling across the lake revealed seasonality in collecting tawilis larvae from March to April. However, no significance was noted among all the physicochemical parameters except for the parameters of which the negative effects are associated with summer months (cloudiness, relative humidity, and rainfall) were timed with months of abundant S. tawilis larvae. Spatial distribution of tawilis larvae within the upper one-meter of the water column is limited to the southern basin, especially on the eastern bay of the lake, as well as areas on the southwestern portion of the Volcano Island and on the open waters of the southern basin. The spawning dynamics of S. tawilis remains to be understood including spatial variability and vertical distribution along the water column. Nevertheless, the spatial and temporal distribution patterns of tawilis larvae can be used as a preliminary basis for identifying tawilis spawning grounds and establishment of Tawilis Reserve Areas for the conservation and protection of this endemic species.
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